Tau prions are thought to aggregate in the central nervous system, resulting in neurodegeneration. Among the tauopathies, Alzheimer's disease (AD) is the most common, whereas argyrophilic grain disease (AGD), corticobasal degeneration (CBD), chronic traumatic encephalopathy (CTE), Pick's disease (PiD), and progressive supranuclear palsy (PSP) are less prevalent. Brain extracts from deceased individuals with PiD, a neurodegenerative disorder characterized by three-repeat (3R) tau prions, were used to infect HEK293T cells expressing 3R tau fused to yellow fluorescent protein (YFP). Extracts from AGD, CBD, and PSP patient samples, which contain four-repeat (4R) tau prions, were transmitted to HEK293 cells expressing 4R tau fused to YFP. These studies demonstrated that prion propagation in HEK cells requires isoform pairing between the infecting prion and the recipient substrate. Interestingly, tau aggregates in AD and CTE, containing both 3R and 4R isoforms, were unable to robustly infect either 3R-or 4R-expressing cells. However, AD and CTE prions were able to replicate in HEK293T cells expressing both 3R and 4R tau. Unexpectedly, increasing the level of 4R isoform expression alone supported the propagation of both AD and CTE prions. These results allowed us to determine the levels of tau prions in AD and CTE brain extracts.
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argyrophilic grain disease | corticobasal degeneration | Pick's disease | progressive supranuclear palsy | tauopathies I n the central nervous system (CNS), the soluble and unstructured protein tau binds to microtubules to stabilize and promote their polymerization in neurons (1) . However, in the mid-1980s, brain samples from deceased Alzheimer's disease (AD) patients containing neurofibrillary tangles (NFTs) were found to immunostain with antisera raised against tau proteins, indicating tau may play a deleterious role in neurodegeneration (2) (3) (4) (5) . Later, tau was identified in partially purified preparations from the brains of AD patients (6) , and the resulting NFTs were subsequently correlated with cognitive impairment (7) (8) (9) .
In addition to AD, tau was also linked to frontotemporal lobar degenerative diseases (FTLDs), including argyrophilic grain disease (AGD), corticobasal degeneration (CBD), Pick's disease (PiD), and progressive supranuclear palsy (PSP), following the identification of mutations in patients with inherited forms of FTLD (10, 11) . Although the identification of autosomal-dominant mutations in FTLD patients was pivotal in linking tau to FTLDs, the majority of these cases are sporadic, similar to AD (12) . The presence of tau mutations in FTLD patients strikes a glaring dichotomy with familial AD (fAD) patients, where tau is not mutated; instead, mutations in the gene encoding amyloid precursor protein (APP), or the enzymes that cleave APP to generate β-amyloid (Aβ), have been identified (13) . The difference in which gene is mutated results in the classification of FTLDs as primary tauopathies and AD as a secondary tauopathy, due to the additional presence of Aβ plaques in the brains of patients.
In FTLDs, tau acquires a β-sheet-rich structure that polymerizes into amyloid fibrils. Like other prions, tau prions multiply through a process of self-propagation, where the β-sheet acts as a template for the formation of nascent prions. As described here, different strains of tau prions are predicted to have unique conformations of misfolding that determine distinct tauopathies with different patterns of neuropathological lesions. These strain-dependent neuropathologies, including NFTs (2), Pick bodies, and globose tangles (14) , are thought to arise from the progressive self-propagation of tau, spreading from one neuron to another, ultimately leading to widespread neurodegeneration.
The finding that tau, a single protein, gives rise to a wide array of neurological disorders arose from immunostaining studies conducted in conjunction with molecular-cloning investigations. Antibodies raised against the tau protein sequence demonstrated that diseases once thought to be unrelated, such as PiD and PSP, were in fact caused by the same protein (2) (3) (4) (5) 14) . Additionally, molecular cloning of tau cDNA resulted in the discovery that tau is
Significance
The progressive nature of neurodegenerative diseases is due to the spread of prions, misfolded infectious proteins, in the brain. In tauopathies, the protein tau misfolds, causing several diseases, including Alzheimer's disease (AD) and chronic traumatic encephalopathy (CTE). Here we created a panel of mammalian cell lines expressing a fragment of tau fused to yellow fluorescent protein. Each cell line selectively detects tau prions that are misfolded into self-propagating conformations; such cells permit identification of minute differences among tauopathies. For example, tau prions in AD and CTE are distinct from prions in other tauopathies such as Pick's disease and progressive supranuclear palsy. These insights are likely to contribute to the development of future therapeutics.
expressed as six different isoforms (15, 16) . These isoforms arise from alternative splicing of mRNA transcribed from the tau gene, microtubule-associated protein tau (MAPT), and are composed of two variable regions. In the N-terminal region, zero, one, or two insertions (0N, 1N, or 2N) arise from alternative splicing of exons 2 and 3, whereas in the C-terminal repeat domain (RD), exclusion or inclusion of exon 10 gives rise to either three repeats (3R) or four repeats (4R), respectively (17) . As such, tau isoforms are identified by the number of inclusions present in the two regions (1N3R versus 2N4R, for example).
With this knowledge, a method emerged for categorizing the various tauopathies based on the tau isoforms present in the brains of patients who suffered from CNS dysfunction. For example, the Pick bodies seen in PiD patients typically consist of 3R tau isoforms (18) , but the globose tangles seen in PSP and the astrocytic plaques seen in CBD are made up of 4R aggregates (19) (20) (21) . Interestingly, although tau expression in a healthy adult brain is made up of an approximately equimolar ratio of the 3R and 4R isoforms, diseasepromoting mutations first identified in 1998 were found to affect the splicing of tau mRNA, resulting in increased expression of the 4R tau isoforms over the 3R tau isoforms (22, 23) . In addition to the 3R-and 4R-specific tauopathies, the combined tauopathies, AD and chronic traumatic encephalopathy (CTE), exhibit aggregation of both 3R and 4R tau isoforms (16, 22, 24) .
The prion protein (PrP) was the first protein discovered to cause disease by protein-induced misfolding (25) . Subsequent studies showed that distinct diseases caused by aggregation of the misfolded PrP scrapie conformation (PrP Sc ; as opposed to the cellular, soluble PrP C ) were attributable to differences in prion strains (26, 27) . For example, Creutzfeldt-Jakob disease (CJD) is thought to be the result of PrP Sc misfolding into one conformation, whereas fatal familial insomnia (FFI) arises from PrP Sc misfolding into a different conformation. This hypothesis is supported by the observation that a mutation at codon 178 in PrP, which results in an asparagine replacing an aspartic acid, will cause a patient to develop either CJD or FFI. A second polymorphism in the protein at codon 129 controls the difference between the PrP Sc strains present in each disease, and thus the disease a patient will develop (28) . Additional evidence comes from passaging studies demonstrating that transgenic (Tg) mice inoculated with brain homogenate from either CJD or FFI patients develop distinct PrP Sc strains with unique properties (29) . Similarly, it is posited that the unique diseases that arise from tau prions are also a result of differences between prion strains (30) , but the factors that give rise to these differences are poorly understood.
Whereas categorizing tauopathies as 3R, 4R, or a combination of the two has been largely a descriptive exercise over the past two decades, we proposed that each tau isoform features in one or more specific tau prion strains. Previously, we and others used HEK293 cells expressing the RD of 4R tau, fused to yellow fluorescent protein (YFP), with the two familial mutations P301L and V337M [originally named TauRD(LM)-YFP cells but denoted here as Tau(4RD*LM)-YFP(1) cells] (Table S1 ) (31) to quantify tau prions isolated from PSP patient samples (32) . To investigate the role of the RD in tau prion strains, we developed a panel of HEK293T cell lines expressing several variations of tau isoform fusion proteins: the RD of 3R tau, the RD of 4R tau, and the combination of both. Using tau prions isolated from several tauopathies, we found that 4R tau prions isolated from AGD, CBD, and PSP patient samples only infected cells expressing 4R tau. We also found that 3R tau prions isolated from PiD patient samples only infected cells expressing the 3R isoform. Although aggregates in the brains of AD and CTE patients are composed of both 3R and 4R tau, neither the AD nor the CTE brain extracts could infect HEK cells expressing either the 3R or 4R mutant tau fusion proteins.
To further investigate this finding, we modeled tau expression in the brains of AD and CTE patients by coexpressing the 3R and 4R fusion proteins in HEK293T cells. In the presence of both 3R and 4R tau fusion proteins, AD and CTE brain extracts templated de novo prion formation in mammalian cells. Furthermore, we also found that HEK293T cells expressing higher levels of the 4R tau fragment fused to YFP were sufficient to support propagation of AD and CTE prions. These findings demonstrate that tau prions feature in the pathogenesis of both AD and CTE. Importantly, the rapid and highly reproducible fusion protein bioassays described here have allowed us, and others, to begin unraveling the molecular pathogenesis of several neurodegenerative diseases (31, 32) . Moreover, the insights gained from these assays make it possible to focus drug discovery efforts on the mechanism responsible for the propagation of these diseases, increasing the likelihood of developing effective therapeutics.
Results
Propagation of 4R Tauopathies in Cultured Cells Requires Expression of 4R Tau. Previously, we described an enhanced cellular assay to quantify tau prions in PSP patient samples (32) (32) . To improve the robustness of the assay and increase cell infection, we precipitated tau prions with sodium phosphotungstate (PTA), which selectively isolates aggregated proteins, including PrP Sc , tau, and α-synuclein, from soluble proteins (32, 33) . Adapting this automated, high-throughput approach increased the percentage of cells infected with aggregates from ∼4 to ∼61%, greatly enhancing the dynamic range of the assay.
Using this experimental design, we tested additional patient samples, including samples from control (n = 6), PiD (n = 6), AD (n = 7), CTE (n = 5), AGD (n = 2), CBD (n = 5), and PSP (n = 6) patients ( Fig. 1 and Table S2 ). Control samples were from patients devoid of any detectable neuropathological lesions upon autopsy. Tauopathy patient samples were selected from the prototypical 3R tauopathy PiD; the 4R tauopathies AGD, CBD, and PSP; and two combined tauopathies, AD and CTE. The brain regions sampled from each patient are listed in Table S2 . Western blot analysis of crude brain homogenate from 14 patient samples (2 from each patient group) using the total tau antibody, Tau12, showed tau is present in all of the samples tested, including the control patient samples (Fig. 1A) .
A 10% (wt/vol) brain homogenate from each patient sample was prepared in Dulbecco's PBS (DPBS) before digesting the sample in 2% (vol/vol) sarkosyl and 0.5% (vol/vol) benzonase. Importantly, benzonase digests all nucleic acids in the sample, leaving only protein, which we then incubated with 2% (vol/vol) PTA overnight before pelleting by centrifugation. The resulting pellets were di- Consistent with our previous findings, the control samples did not infect the Tau(4RD*LM)-YFP(1) cells (average fluorescenceper-cell measurement of 1.6 ± 0.2 × 10 3 A.U.), whereas tau prions isolated from PSP patient samples robustly induced aggregate formation (74 ± 25 × 10 3 A.U.; P < 0.001) ( Fig. 1 B and C) . The initial publication describing the Tau(4RD*LM)-YFP(1) cells found tau prions from PiD, AD, AGD, and CBD patient samples infected the cells (31) . However, whereas we found that we could transmit AGD (22 ± 10 × 10 3 A.U.; P < 0.05) and CBD (39 ± 11 × 10 3 A.U.; P < 0.001) prions, neither PiD (3.6 ± 1.5 × 10 3 A.U.; P = 0.74) nor AD (9.5 ± 2.8 × 10 3 A.U.; P = 0.17) patient samples produced a substantive infection. In addition, incubation with CTE patient samples was also unable to yield a strong infection in the Tau(4RD*LM)-YFP(1) cells (6.7 ± 2.5 × 10 3 A.U.; P = 0.41). Strikingly, of the samples tested here, only the 4R tauopathies yielded a robust infection in the 4R-expressing cells, suggesting that transmission of 4R tau prions is dependent on the presence of a 4R tau substrate. Visual comparison of the cells infected with AGD, CBD, or PSP shows distinct aggregate morphologies (Fig. 1C) , consistent with previous reports (31) . Whereas AGDinduced aggregates were diffuse, CBD aggregates presented as small puncta throughout the cytoplasm. In contrast, PSP induced large, bright puncta. These phenotypic differences between the diseases are reflected in the quantification of the infection; the larger and brighter the aggregates, the greater the fluorescence measurement (Fig. 1B) .
Tau(3RD*VM)-YFP Cells Specifically Detect PiD Prions. Our finding that only 4R-specific tauopathies propagate in cells expressing 4R tau led us to posit that the propagation of 3R tau prions requires the presence of 3R tau. To address this question, we developed HEK293T cells that express the RD of 3R tau with the familial L266V and V337M mutations fused to YFP [Tau(3RD*VM)-YFP]; the L266V mutation replaced the P301L mutation in this cell line because amino acid residue 301 is not present in the 3R isoforms of tau. We diluted the PTA-precipitated patient samples 1:10 in DPBS and incubated them with the 3R-expressing cell line for 4 d (Fig. 2) . The control patient samples did not infect the Tau(3RD*VM)-YFP cells (average fluorescence-per-cell measurement of 3.2 ± 1.1 × 10 3 A.U.) ( Fig. 2A and Table S2 ); however, tau prions isolated from the PiD patient samples transmitted to the cells (42 ± 21 × 10 3 A.U.; P < 0.001). Supporting the hypothesis Quantification of cell infection using control (n = 6), PiD (n = 6), AD (n = 7), CTE (n = 5), AGD (n = 2), CBD (n = 5), and PSP (n = 6) patient samples. Prions isolated from the 4R tauopathies AGD (P < 0.05), CBD (P < 0.001), and PSP (P < 0.001) showed a significant increase in infectivity over the control samples, whereas PiD (P = 0.74), AD (P = 0.17), and CTE (P = 0.41) did not. Data are shown as the mean from five images per well in six wells. *P < 0.05. All values are shown in Table S2 that tau prions are isoform-specific, the AGD (1.9 ± 1.0 × 10 3 A.U.; P = 0.81), CBD (5.3 ± 2.2 × 10 3 A.U.; P = 0.67), and PSP (9.4 ± 3.4 A.U.; P = 0.14) patient samples, which infected the 4R tau cells, did not result in infection. Consistent with the Tau(4RD*LM)-YFP(1) results, neither the AD (3.0 ± 0.7 × 10 3 A.U.; P = 0.94) nor the CTE (9.0 ± 2.7 × 10 3 A.U.; P = 0.18) patient samples infected the cells. Importantly, these results indicate that the PiD-induced aggregates in the Tau(3RD*VM)-YFP cells, but not the other tauopathies (Fig. 2B) , arise from the propagation of 3R tau-specific prions in PiD patient samples.
To confirm that these findings were the result of 3R prions in PiD and 4R prions in AGD, CBD, and PSP, we analyzed 14 of the PTA-precipitated samples by Western blot (Fig. S1 ). Using the 3R isoform-specific antibody, only 3R-containing aggregates were detected in the PiD, AD, and CTE patient samples (Fig. S1A) . However, after probing with the Tau12 antibody, we found that the diseased patient samples contained tau aggregates, whereas the two control patient samples did not (Fig. S1B ). These findings demonstrate the presence of 4R tau-containing aggregates in the AGD, CBD, and PSP patient samples, which were unable to infect the Tau(3RD*VM)-YFP cells.
Identification of AD and CTE Prions. Discovering that the propagation of 3R and 4R tauopathies in mammalian cells is isoform-specific, we posited that cells expressing both 3R and 4R tau isoforms could be infected by PiD samples, as well as by AGD, CBD, and PSP extracts. Testing this hypothesis, we developed HEK293T cells that express two tau-YFP constructs: the Tau(4RD*LM)-YFP construct expressed in the 4R cells, and the Tau(3RD*VM)-YFP construct expressed in the 3R cells [Tau(3RD*VM,4RD*LM)-YFP]. These fusion proteins are not expressed in tandem and, instead, are encoded by two separate plasmids. After isolating tau prions from the patient samples via PTA precipitation, the samples were diluted 1:4 in DPBS and incubated with the Tau(3RD*VM,4RD*LM)-YFP cells for 4 d (Fig. 3) . Incubating the cells with the control patient samples yielded no infection (average fluorescence per cell of 5.3 ± 1.0 × 10 3 A.U.) ( Fig. 3A and Table S2 ). However, because both the 3R and 4R tau isoforms were available as substrates for prion templating, not only did the PiD samples induce aggregates (15 ± 3.8 × 10 3 A.U.; P = 0.07), but the AGD (25 ± 2.2 × 10 3 A.U.; P < 0.01), CBD (32 ± 9.4 × 10 3 A.U.; P < 0.001), and PSP (28 ± 7.7 × 10 3 A.U.; P < 0.001) patient samples infected the cells as well. Interestingly, the PiD-induced tau aggregates are visibly smaller than the aggregates induced by the 4R tauopathies (Fig. 3B) . Quantification of the smaller aggregates resulted in a lower fluorescence value compared with the 4R tauopathies. This is reflected in the quantification of infection (Fig. 3A) , and likely the lack of statistical significance. Notably, the 95% confidence interval (CI) includes effect sizes from −0.9 to 20, suggesting additional samples could improve the precision of the estimate, which is impacted by intersample variability, to yield an effect that is statistically significant.
We also proposed that coexpressing both the 3R and 4R isoforms in the cells would support infection by the combined tauopathies (AD and CTE). When we incubated the Tau(3RD*VM,4RD*LM)-YFP cells with AD (15 ± 4.0 × 10 3 A.U.; P = 0.05) and CTE (47 ± 24 × 10 3 A.U.; P < 0.001) patient samples, we found that the samples induced tau aggregates after 4 d (Fig. 3) . Similar to results obtained with PiD, the effect size of infection with AD prions was not statistically significant, with a 95% CI of −0.49 to 20. The addition of more AD samples to our analysis would improve the precision of our estimate, overcoming the intersample variability, and likely result in a statistically significant effect. Remarkably, infection of Tau(3RD*VM,4RD*LM)-YFP cells across the five CTE patient samples was more variable than the five other tauopathies tested. All five CTE patients were diagnosed with CTE stage IV following neuropathological assessment, suggesting the variability seen here may be attributable to differences in sampling from patients with a disease that is highly focal in nature (34) . (Fig. 4 A and B) . (Fig. 4A) and quantification with ImageJ software (Fig. 4B) .
We then tested the susceptibility of the Tau(4RD*LM)-YFP(2) cells to infection with PiD, AGD, CBD, and PSP prions (Fig. 4 C  and D) . Although we previously used PTA to precipitate and concentrate tau prions before infecting the Tau(4RD*LM)-YFP(1) cells, the increased protein expression allowed us to instead incubate crude brain homogenate diluted 1:40 in DPBS with the cells for 4 d. Surprisingly, we found that crude homogenate alone was capable of transmitting AGD (150 ± 140 × 10 3 A.U.; P < 0.001), CBD (55 ± 24 × 10 3 A.U.; P < 0.05), and PSP (140 ± 74 × 10 3 A.U.; P < 0.001) prions to the new cell line, whereas the control samples showed no infection (2.0 ± 0.9 × 10 3 A.U.) ( Fig. 4C and Table S2 ). Visual assessment of the infected cells (Fig. 4D) shows a similar result as seen in the Tau(4RD*LM)-YFP(1) cells (Fig. 1B) ; infection with AGD, CBD, and PSP samples induced cellular aggregates with distinct phenotypes. AGD-induced aggregates Fig. 3 . Tau prions in AD and CTE contain both 3R and 4R tau isoforms. Tau prions were isolated using sodium PTA from control, PiD, AD, CTE, AGD, CBD, and PSP patient samples and were then incubated with Tau(3RD*VM,4RD*LM)-YFP cells for 4 d. Tau(3RD*VM,4RD*LM)-YFP cells express both the 3R and 4R repeat domains of tau with mutations L266V and V337M (3RD) and P301L and V337M (4RD). (A) Quantification of cell infection using control (n = 6), PiD (n = 6), AD (n = 7), CTE (n = 5), AGD (n = 2), CBD (n = 5), and PSP (n = 6) patient samples was determined by standardizing the total fluorescence in each image to the total cell count. Prions from all six tauopathies, including AD and CTE, infected the Tau(3RD*VM,4RD*LM)-YFP cells, whereas the control samples showed no infection (PiD, P = 0.07; AD, P = 0.05; CTE, P < 0.001; AGD, P < 0.01; CBD, P < 0.001; PSP, P < 0.001). *P < 0.01. Data are shown as the mean from five images per well in six wells. All values are shown in Table S2 were large and round, whereas PSP prions induced tau aggregation throughout the entire cell with the noticeable exception of the nucleus. Compared with these larger aggregates, infection with CBD yielded a mixture of phenotypes, but the aggregates were predominantly smaller and emitted less fluorescence. This phenotypic difference ultimately contributes to variations in fluorescence values measured from the different patient groups, as seen in the quantification of tau prion infection (Fig. 4C) . Notably, the distinct phenotypes induced by each 4R tauopathy in the Tau(4RD*LM)-YFP(1) cells (Fig. 1B) are unique from the phenotypes they induce in the Tau(4RD*LM)-YFP(2) cells (Fig. 4D) .
Intriguingly, when we incubated the Tau(4RD*LM)-YFP(2) cells with the PiD patient samples, we found one patient sample induced robust aggregate formation, one sample induced weak infection, and the other four showed very low infectivity (20 ± 21 × 10 3 A.U.; P = 0.41) (Fig. 4C and Table S2 ). It is important to note that although PiD has traditionally been classified as a 3R tauopathy, based on the initial discovery of 3R tau only in Pick's bodies (18) , some patient samples show conspicuous 4R tau inclusions in astroglia (35) . To determine whether these results were due to astrocytic 4R tau, immunostaining using the 4R tau-specific antibody was performed on formalin-fixed sections from patients PiD3 and PiD4 (Fig. S2) . Examining the angular gyrus from both patients, the same region tested in the cell assay, 4R tau astrocytic inclusions were detected, suggesting that the increased sensitivity of the Tau(4RD*LM)-YFP(2) cells enables detection of these less-prevalent lesions in PiD, compared with the Tau(4RD*LM)-YFP(1) cells.
Overexpression of 4R Tau Supports Propagation of AD and CTE Prions.
Following our observation that the Tau(4RD*LM)-YFP(2) cells enabled detection of 4R tau in two of the PiD patient samples tested, which previously did not induce aggregates, we decided to test whether or not overexpression of 4R tau also facilitates propagation of AD and CTE prions. After incubating crude brain homogenate from AD and CTE patients diluted 1:40 in DPBS with Tau(4RD*LM)-YFP(2) cells for 4 d, the cells were imaged and analyzed for infection. Remarkably, the increased sensitivity of the new HEK293T cells enabled infection with both AD (37 ± 20 × 10 3 A.U.; P = 0.1) and CTE (49 ± 34 × 10 3 A.U.; P < 0.005) patient samples, demonstrating the presence of tau prions in AD and CTE patients ( Fig. 5 A and B and Table S2 ). As seen previously, the intersample variability of tau prions quantified from the AD patient samples yields an imprecise estimate for the number of samples tested in our statistical model. However, AD tau prions are estimated to increase infection in Tau(4RD*LM)-YFP(2) cells by 35 × 10 3 A.U. over control, which is a substantial increase over the estimated effect size for both Tau(4RD*LM)-YFP(1) (7.8 × 10 3 A.U.) and Tau(3RD*VM)-YFP cells (-0.4 × 10 3 A.U.), suggesting tau prions from AD patients have a large effect that is too imprecisely estimated given sample availability to conclude statistical significance.
To assess the specificity of these findings, we tested samples from two different brain regions isolated from three CTE patients in the Tau(4RD*LM)-YFP(2) cells. In 2016, the results of the first consensus report on CTE concluded that the key neuropathological features of CTE include perivascular tau inclusions in neurons and astrocytes, particularly at the depths of the sulci in an irregular pattern (36) . These focal deposits then spread from the cortical sulci to other brain structures (34) . In three of the five CTE patients (CTE1, CTE2, and CTE3), we sampled both the temporal and frontal poles (Fig. 5 C and D and Table S2 ). Although infectivity of both brain regions for patient CTE1 was poor, the sulcus from the temporal pole tested from CTE patients 2 and 3 contained significantly more tau prions than the sulcus from the frontal pole that was tested (P < 0.05). Postmortem analysis found accumulation of NFTs in both the frontal and temporal poles from all three patients; however, consistent with our findings, tangle density was more robust in the temporal pole.
Discussion
Our findings show that specific tau isoforms must be available as substrates to transmit particular tauopathies, suggesting these diseases arise from distinct prion strains. AGD, CBD, and PSP patient samples infect the 4R-containing cell lines Tau(4RD*LM)-YFP(1), Tau(3RD*VM,4RD*LM)-YFP, and Tau(4RD*LM)-YFP(2). Similarly, prions from PiD samples infect both the Tau(3RD*VM)-YFP and Tau(3RD*VM,4RD*LM)-YFP cell lines. Both AD and CTE patient samples, which are composed of 3R and 4R tau aggregates, were originally found only to propagate in the Tau(3RD*VM,4RD*LM)-YFP cell line, suggesting tau misfolding in these two diseases requires both the 3R and 4R isoforms. However, increasing the expression level of the 4R tau isoform in the Tau(4RD*LM)-YFP(2) cells facilitated propagation not only of AGD, CBD, and PSP but also of AD and CTE. The biological mechanism by which this occurs remains to be elucidated.
Similar to tau, PrP Sc and multiple system atrophy (MSA) prions aggregate into fibrils that coalesce into amyloid plaques and glial cytoplasmic inclusions, respectively (37) (38) (39) . Measuring the kinetics of PrP Sc and MSA propagation following intracerebral injection into Tg mice has been important in discerning the underlying biology of these prions. However, although intracerebral injection of tau fibrils into Tg mice expressing tau transgenes resulted in tau neuropathology, such experiments were inconclusive with respect to assessing the kinetics and accumulation of tau prions (40) (41) (42) (43) (44) . Instead, measurements made from cells expressing the tau-YFP fusion proteins (31, 32, 45) have been more informative.
As described by us and others (31) , six of the known tauopathies are characterized by transmission and de novo replication of tau aggregates. Our findings suggest that groups of tau prion strains responsible for each disease reflect the tau isoforms presentnamely 3R tau in PiD; 4R tau in AGD, CBD, and PSP; and a combination of both 3R and 4R in AD and CTE. Although the isoform specificity of these tauopathies was previously established (24, 46) , the discovery that the isoforms play an integral role in infection by tau prion strains provides an explanation for the range of phenotypes seen in patients. This research shows that it is possible to use cells to discriminate among 3R, 4R, and the combined tauopathies.
Previous work with synthetic tau prions provides further support for the isoform-directed specificity of tau prion replication. Using the recombinant K18 and K19 constructs, which encode the 4R and 3R RDs of tau, respectively, Dinkel et al. (47) demonstrated that heparin-induced K19 3R aggregates could not seed filaments formed from K18 4R monomers. In a separate experiment, recombinant 1N3R or 1N4R human tau fibrils were used to test the cross-isoform prion replication barrier in the neuroblastoma cell line SH-SY5Y (48) . Transient expression of either 1N3R or 1N4R tau was initiated 14 h before exposing the cells to tau fibrils. When attempts were made to infect the cells with the 1N4R fibrils, only the cells expressing 4R tau developed aggregates. Similarly, the 1N3R fibrils only propagated in the 3R-expressing cells, demonstrating isoform specificity in synthetic prions.
In addition to these in vitro findings, several in vivo studies have demonstrated homotypic seeding of tau. Clavaguera and colleagues used two similar Tg mouse models, P301S (human 0N4R tau with the P301S mutation) and ALZ17 (wild-type human 2N4R tau), to demonstrate that inoculating diseased P301S mouse brain extracts into ALZ17 mice induced NFTs, neuropil threads, and coiled bodies by self-templating of 4R tau (49) . Using the same P301S model, other groups found that brain extracts prepared from aged, symptomatic animals inoculated into 2-mo-old presymptomatic mice induced NFT pathology within 2 wk of inoculation, demonstrating rapid propagation of 4R tau prions (50) . Similarly, recombinant human 2N4R tau with the P301S mutation, and K18 with the P301L mutation, were fibrillized in the presence of heparin and inoculated into young PS19 mice (human 1N4R tau with the P301S mutation) (51) . Both of these 4R-containing fibrils induced tau neuropathology, whereas inoculation of α-synuclein fibrils had no effect, highlighting homotypic propagation of synthetic 4R tau prions in a third mouse model (40) .
The aforementioned tau studies, as well as our own findings, are reminiscent of earlier studies in Tg mice expressing Syrian hamster (SHa) PrP (52 . Although these studies demonstrate a transmission barrier between species, additional studies show that differences in the PrP amino acid sequence between the host and the inoculum can give rise to distinct prion strain properties within a species. Comparing the a and b alleles of the mouse PrP gene, which differ by two amino acids, inoculation of PrP-A prions into mice expressing PrP-B yielded inefficient disease transmission with extended incubation times compared with PrP-B prions inoculated into the PrP-B mice (53, 54) . This mouse strain barrier can be overcome by increasing the expression level of PrP, as may be the case for tau prions here. Together, these PrP data demonstrate that homotypic interactions feature in prion replication whereas heterotypic templating is inefficient, both between and within species.
SDS/PAGE studies demonstrated tau isoform specificity in detergent-extracted samples obtained from AD, PiD, AGD, CBD, and PSP patient samples more than a decade ago (46) , but the more recent development of a rapid tau prion bioassay using Tau(4RD*LM)-YFP(1) cells (31), followed by modifications to the bioassay conditions (32) , has facilitated the rapid detection of tau prions. Using this powerful approach, we posited that homotypic interactions in tau prion replication were just as critical as those demonstrated in PrP Tg mice described above (52) . In our current studies, new cell lines were created to measure tau prion infection based on the ability to template the RDs of 3R and/or 4R tau. Our findings, and those of others (31) , demonstrate that the 4R tauopathies can readily initiate formation of 4R tau aggregates in HEK cells (Figs. 1 and 4) . In contrast, the 3R tauopathy PiD initiates formation of 3R tau aggregates (Fig. 2) . Whereas neither AD nor CTE patient samples initiated the formation of tau aggregates in the 4R or 3R cell lines (Figs. 1 and 2) , expression of both fusion proteins in the Tau(3RD*VM,4RD*LM)-YFP cells supported the formation of tau aggregates in HEK cells incubated with either AD or CTE brain extracts (Fig. 3) . Notably, these findings recapitulate the tau isoforms found in the brains of patients with these diseases (Fig. S1) (24, 46) .
Our finding that both 3R and 4R tau are more efficient than either isoform alone in propagating AD and CTE prions in HEK293T cells suggests that tau misfolding in AD and CTE prion strains incorporates both tau isoforms. The subsequent discovery that increased expression of the RD of 4R tau in the Tau(4RD*LM)-YFP(2) cells facilitates transmission of AD and CTE prions seemingly contradicts this conclusion (Fig. 5) , and instead suggests tau prions in AD and CTE comprise distinct 3R and 4R tau prions. One argument against this interpretation is the inability of the samples to infect the Tau(3RD*VM)-YFP and Tau(4RD*LM)-YFP(1) cells. If AD and CTE samples contained distinct 3R and 4R aggregates, those prions should propagate in the respective cell lines, as demonstrated with PiD, AGD, CBD, and PSP. A second explanation could arise from small amounts of isolated 4R aggregates along with the combined 3R/4R tau aggregates typically associated with the diseases. Due to its greater sensitivity, only the Tau(4RD*LM)-YFP (2) cells were able to propagate the minor 4R component of the total aggregated tau, compared with the Tau(4RD*LM)-YFP(1) cells. One possible source of distinct 4R aggregates in these samples is aging-related tau astrogliopathy (ARTAG), which is selectively immunostained with 4R tau antibodies, even in PiD patients (55) . Consistent with this finding, two PiD patient samples containing 4R tau astrocytic lesions infected the more sensitive Tau(4RD*LM)-YFP(2) cells. Whereas ARTAG has been identified in AD patients, 4R astrocytic inclusions are a key component of CTE neuropathology. However, AD and CTE showed similar infectivity in the Tau(4RD*LM)-YFP(2) cells, which would be unexpected given the variability of ARTAG in AD patient samples.
A third explanation of our seemingly disparate findings may lie in the kinetic differences between the two RDs. In vitro analysis of the aggregation propensity of the six tau isoforms found the 4R isoforms have a higher rate of aggregation than the 3R isoforms; the 4R fibrils showed an increase in the rate of both tau fibril nucleation and fibril extension compared with 3R fibrils (56) . This work suggests 4R tau is intrinsically more aggregation-prone than 3R tau. It is therefore plausible that the high expression of 4R tau in the Tau(4RD*LM)-YFP (2) (60) (61) (62) . However, none of these differences have been consistently detected in distinct patient groups in a manner that would explain the differences observed here.
We, and others, have proposed that tau prions polymerize into paired-helical and straight filaments that form NFTs in AD patients. There is considerable evidence demonstrating that NFTs correlate with dementia, and the absence of NFTs is generally accompanied by normal cognition (7) (8) (9) . Our studies establish that biologically active tau prions are found in AD patient samples; it is possible the replication of these tau prions may be responsible for the progressive dementia seen in patients. In contrast to AD, the tau prions identified in CTE patient samples likely arise as a result of repetitive mild traumatic brain injury (TBI). CTE, first defined as "punch drunk" (63) , has been increasingly diagnosed in amateur and professional athletes in contact sports. In addition, many soldiers who suffer mild TBIs later develop posttraumatic stress disorders and progressive dementia. Some studies argue that these signature injuries of the recent conflicts in Afghanistan and Iraq are the result of exposure to blast waves from improvised explosive devices (34, (64) (65) (66) (67) . Similar to AD, biochemical analyses of NFTs isolated from CTE patients have shown that these aggregates consist of both 3R and 4R tau isoforms (24) . Although tau pathology in AD patients is localized to neurons, astrocytic tangles can be prominent in CTE patients (68) . Additionally, the location of NFTs in the cortical layers also differs between AD and CTE patients. AD patients often develop NFTs in both superficial and deeper cortical layers, with the highest density seen in layers V and VI. On the other hand, CTE patients typically develop NFTs in the more superficial layers II and III of the neocortex. Despite these regional differences, the hippocampus is similarly affected by both diseases (7) and may be a major contributor to the progressive dementia seen in these patients.
In summary, the findings presented here use HEK cells expressing mutant tau fragments fused to YFP to demonstrate that tau prions from patients with tauopathies, including AD and CTE, can infect mammalian cells. Notably, we used a panel of cell lines to show that the tau isoforms identified in the neuropathological lesions associated with each tauopathy play a critical role in the formation and transmission of tau prion strains. Although these results provide critical insight into the pathogenesis of each tauopathy, the involvement of 3R and 4R tau isoforms in the propagation of AD and CTE suggests a complex mechanism of prion replication, where heterodimers interact through a process, as yet undefined, to produce different strains of tau prions causing these two diseases. Most importantly, the identification of biologically active tau prions in all of the patient samples tested suggests developing successful anti-tau neurotherapeutics will require inhibiting the propagation of specific tau prion strains.
Materials and Methods
Human Tissue Samples. Frozen brain tissue samples from neuropathologically confirmed cases of AD, AGD, CBD, PiD, and PSP were provided by the University of California, San Francisco (UCSF) Neurodegenerative Disease Brain Bank, as were two control samples. Frozen brain tissue samples from neuropathologically confirmed cases of CTE were provided by the Chronic Traumatic Encephalopathy Program at Boston University's Alzheimer's Disease Center. Four control samples were provided by Deborah Mash, University of Miami, Coral Gables, FL.
Cell Line Development. Constructs encoding the RD of 4R tau (amino acids 243 to 375, corresponding to 2N4R tau) containing the mutations P301L and V337M, and the RD of 3R tau (amino acids 243 to 274 and 306 to 375) containing the mutations L266V and V337M, were fused with YFP at the C terminus with an 18-amino acid flexible linker (EFCSRRYRGPGIHRSPTA). These constructs were introduced into the pIRESpuro3 vector (Clontech) or the pIRESblaS vector in which the puromycin resistance gene of the pIRESpuro3 was replaced with the blasticidin resistance gene. All tau fusion protein constructs are listed with amino acid residues, mutations, and background cell line in Table S1 .
HEK293T cells (ATCC) were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 50 units/mL penicillin, 50 μg/mL streptomycin, and 10% (vol/vol) FBS (Thermo Fisher). Cultures were maintained in a humidified atmosphere of 5% (vol/vol) CO 2 at 37°C. Cells plated in DMEM were transfected using Lipofectamine 2000 (Thermo Fisher). Stable cells were selected in DMEM containing 1 μg/mL puromycin or 10 μg/mL blasticidin S (Thermo Fisher). Monoclonal lines were generated by limiting dilution of polyclonal cell populations in 96-or 384-well plates.
